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The LiMn2O4 cathode powders derived from co-precipitation method was calcined with the surface modified material to form fine powder
of single spinel phase with different particle size, size distribution and morphology. The structure and phase was identified with X-ray
diffractometer (XRD) along with the lattice constant calculated by a least-squares program. The electron probe microanalyzer (EPMA) was
employed to evaluate the composition of LiCuxMn2−xO4-coated LiMn2O4. The morphology was observed with field emission scanning
electron microscope (FE-SEM), and the particle size in the range of several microns was measured by Laser Scattering. The electrochemical
behavior of the cathode powder was examined by using two-electrode test cells consisting of a cathode, metallic lithium as anode, and an
electrolyte of 1 M LiPF6. Cyclic charge/discharge testing of the coin cells, fabricated by both LiCuxMn2−xO4-coated and base LiMn2O4
material were conducted. The LiCuxMn2−xO4-coated cathode powder with the fading rate of 11.98% at 0.5 C and 11.93% at 0.2 C showed
better cyclability than the base one. It is demonstrated that the employment of LiCuxMn2−xO4-coated LiMn2O4 cathode material reduced the
fading rate after cyclic test, especially at high C rate.
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Lithium ion battery has high volume energy density, and
provides 1.5 times in weight energy density than the nickel
metal hydride battery. In addition, the nominal voltage of
Li-ion battery (3.7 V) is three times more than the nickel
batteries (1.2 V) like Ni-MH and Ni-Cd battery. Moreover,
the size of Li-ion battery could be constructed in a wide
range for units either as small as computer memory chips or
as large as electric vehicles (EV) [1].
In the application of electric vehicle or hybrid electric
vehicle (HEV) field for the lithium ion battery, the main
concerns of electrochemical performance are cycle life,
power density, energy density and especially safety. In a Li-
ion battery system, cathode plays an important factor in Li-
ion battery in terms of electrochemical performance. Differ-⁎ Corresponding author. Fax: +886 3 5712686.
E-mail address: jgd@mx.nthu.edu.tw (J.-G. Duh).
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doi:10.1016/j.surfcoat.2005.10.026ent types of cathode materials in Li-ion rechargeable
batteries with low cost, high stability and good electro-
chemical performance are investigated, such as LiCoO2 [2]
and LiNiO2 [3] with layer (R3m) structure, LiNiVO4 and
LiCoVO4 [4] with inverse spinel (Fd3m) structure and
LiMn2O4 [5] with spinel (Fd3m) structure. Among cathode
materials, LiMn2O4 is becoming the promising cathode
material for commercial usage because of the lower cost,
lower toxicity and safety. However, the LiMn2O4 cathode
material shows poor cycling behavior resulted from two
factors. First, the Jahn–Teller distortion [6] caused by Mn3+
would lead to the degraded cyclability in LiMn2O4 during
the Li+ intercalation and de-intercalation. Recent report
claimed that doping Li+ [7] and transition metal like Cr3+ [8]
could solve this problem successfully. Furthermore, the
dissolution of Mn into electrolyte resulted from the cathode
electrode contacted with the non-aqueous electrolyte
directly in Li-ion batteries, was first suggested by Gummow
et al. [9]. Since the side reactions resulted in Mn2+
dissolution occur mainly at the surface of the cathode
Fig. 1. XRD patterns of various powders (a) semi-crystallite LiMn2O4
calcined at 600 °C for 10 h, (b) pure spinel LiMn2O4 calcined at 870 °C
for 10 h, and (c) LiMn2O4 coated with LiCuxMn2−xO4 calcined at 870 °C
for 10 h.
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cathode electrode is an efficient way to reduce the side
reactions. The utilization of the metal oxides and inorganic
materials for surface modification in both cathode and anode
[10–14] could improve the electrochemical property of Li-
ion battery.
In this study, a new cathode material in Li-ion battery
designed for EV and HEV is synthesized by an effective
approach in order to reduce the side reactions at the interface
between the cathode electrode and electrolyte. It is aimed to
enhance the electrochemical performance, particularly at
high C rate. The solution method is used to coat the
LiCuxMn2−xO4 on the surface of the LiMn2O4 cathode
material. In addition, the correlation of the LiCuxMn2−xO4
coating film on the electrochemical performance and
structural stability of the LiMn2O4 cathode material is
investigated and discussed.
2. Experimental procedure
2.1. Powder preparation
Stoichiometric spinel LiMn2O4 was synthesized by co-
precipitation method from the reaction of a mixture of lithium
hydroxide and manganese acetate (LiOH and Mn(CH3COO)2).
A stoichiometric amount of LiOH and Mn(CH3COO)2 with
the cationic ratio of Li/Mn=1:2 were dissolved in the de-
ionized water and well mixed by stirring gently. The solution
was evaporated at 100 °C for 10 h to obtain the precursor
powder. Furthermore, the precursor was preheated at 400 °C
for 1 h, and then calcined at 600 °C for 10 h to form the
semi-crystallite LiMn2O4 [13]. For the surface modification of
LiMn2O4, Cu(CH3COO)2 was added in the de-ionized water
till the Cu(CH3COO)2 dissolved completely. The semi-
crystallite LiMn2O4 was then added into the solution and
heated at 100 °C until the solvent was fully evaporated. The
mixture powders of the precursor and semi-crystallite
LiMn2O4 were then calcined at 870 °C for 10 h.
2.2. Characterization and analysis
The compositions of the LiCuxMn2−xO4-coated LiMn2O4
cathode material were analyzed with a newly developed field
emission electron probe microanalyzer (FE-EPMA, 8500F,
JEOL, Japan). However, since lithium could not be detected in
EPMA, the contents of copper, manganese and oxygen were
evaluated first through ZAF technique [15] in EPMA and then
the amount of lithium was obtained by difference and
normalization approach [16]. The X-ray diffractometer (XRD,
Rigaku, D/MAX-B, Japan) with a wavelength of CuKα
(λ=1.5406 Å) was used to identify the crystal structure and
phases of the LiCuxMn2−xO4-coated LiMn2O4 cathode material
operated at 30 kV and 20 mA from 15° to 70°. The particle
morphology and particle size distribution of the LiCuxMn2−xO4-
coated LiMn2O4 powder were examined using a field emission
scanning electron microscope (FESEM, JSM-6500F, JEOL,
Japan) at an accelerating voltage of 15 kVand the laser scattering(Horiba, LA 300, Japan), respectively. The utilization of
transition electron microscope (TEM, JEM-2010, JEOL,
Japan) was for the evaluation of the LiCuxMn2−xO4 film
thickness coated on the surface of the cathode powders and for
phase confirmation in both the coating layer and cathode powder.
2.3. Electrochemical characterization
The electrochemical behavior of the LiCuxMn2−xO4-
coated LiMn2O4 cathode electrode was measured by using
two-electrode test cells consisting of the LiCuxMn2−xO4-
coated LiMn2O4 as cathode, metallic lithium anode and an
electrolyte of 1 M LiPF6 in a 1:1 (volume ratio) mixture of
EC/DMC. All procedures in fabricating the cells were
carried out in a specially designed chamber with low
oxygen pressure (O2b2 ppm) and low moisture (H2Ob2
ppm). Details of the set-up of the 2016 coin cell were
reported elsewhere [7]. The constructed 2016 coin cells was
then cycled within the potential range of 3.0 V to 4.2 V at
0.1 C rate for the first cycle and raised to 0.5 C rate
gradually.
3. Results and discussion
3.1. Microstructure analysis
The XRD patterns of semi-crystallite powders of LiMn2O4
calcined at 600 °C for 10 h, pure spinel LiMn2O4 calcined at
870 °C for 15 h and LiCuxMn2−xO4-coated LiMn2O4 are
presented in Fig. 1(a) to (c), respectively. As compared with Fig.
1(b) of pure spinel LiMn2O4, the XRD pattern of semi-
crystallite LiMn2O4 calcined at 600 °C for 10 h shown in Fig.
1(a) had broader peak and included all the major peaks for
LiMn2O4 without any impurity or other phases. The broader
XRD spectrum shown in Fig. 1(b) indicated that the LiMn2O4
Fig. 2. FESEM images of various powders (a) semi-crystallite LiMn2O4
calcined at 600 °C for 10 h, (b) pure spinel LiMn2O4 calcined at 870 °C
for 10 h, and (c) LiMn2O4 coated with LiCuxMn2−xO4 calcined at 870 °C
for 10 h.
Fig. 3. TEM micrograph and diffraction pattern of LiCuxMn2−xO4-coated
LiMn2O4.
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smaller grain sizes. As calcined at higher temperature, copper
could easily diffuse into the spinel structure with lower
crystallinity to form a thin layer on the surface of LiMn2O4
powder. This was quite different from the conventional
surface modification. The XRD pattern for LiMn2O4 with
surface modification of LiCuxMn2−xO4, as shown in Fig. 1(c),
revealed that there was only pure spinel phase without any
other impurity phases.From the XRD results, the lattice constant of LiCuxMn2−xO4-
coated LiMn2O4, LiMn2O4 and semi-crystallite LiMn2O4 was
evaluated by a least-squares program. The lattice constant of
LiCuxMn2−xO4-coated LiMn2O4 increased slightly than the
base LiMn2O4 from 8.26004 Å to 8.26087 Å. In this study,
the average ionic radii of the cation Cu2+ and Cu3+ are larger
than that of Mn3+. In Chan's work [8], the lattice constant
would decrease with the amount of Cr-dopant resulting from
the substitution of manganese with larger ionic radius by
chromium with smaller ionic radius. In this study, no
appreciable change of lattice constant was detected, indicating
that the structure of the spinel LiMn2O4 cathode material was
maintained after surface modification. It was argued that the
copper did not diffuse into the whole cathode particle, but
only on the surface of the LiMn2O4 powder. However, the
lattice constant of semi-crystallite LiMn2O4 was 8.207 Å with
broader peak and lower intensity.
Fig. 2 showed the FE-SEM images of semi-crystallite
powders of LiMn2O4 calcined at 600 °C for 10 h, pure spinel
LiMn2O4 calcined at 870 °C for 15 h and LiCuxMn2−xO4-coated
LiMn2O4. In Fig. 2(a), the particle size of LiMn2O4 calcined at
600 °C for 10 h was in the range of 40–190 nm and the
broadened spectra of XRD in Fig. 1(a) was caused by such
small particle size. Furthermore, the shape of powders with
lower crystallinity was rounded without sharp edges. However,
in Fig. 2(b) and (c), the particles of both LiCuxMn2−xO4-coated
LiMn2O4 and LiMn2O4 exhibited a well-developed octahedral
structure with sharp edges, which was bounded by eight (111)
planes [11]. With a difference of other researches in surface
modification, there was no obvious change on the surface of
LiMn2O4 after surface treatment in this work. In order to verify
if there is a coating layer, more detail examination like TEM
analysis is indispensable in the following paragraph.
Analysis of the transmission electron microscopy (TEM)
image shown in Fig. 3 exhibited that the surface of LiMn2O4
cathode powder was coated by a thin layer with the thickness
of 30–40 nm. From the selected area of diffraction pattern of
the coating layer, as shown in Fig. 3, it was revealed that the
1333H.-W. Chan et al. / Surface & Coatings Technology 200 (2005) 1330–1334coating layer with the same phase as LiMn2O4 cathode
powder was a single crystal with the cubic spinel structure.
For more detailed observation, Fig. 4 shows the lattice image
of LiMn2O4 and LiCuxMn2−xO4-coated LiMn2O4, and the
diffraction pattern was calculated by a software from the
lattice image. As compared with Sun et al.'s study [17], the
lattice image of spinel LiMn2O4 demonstrated well-developed
lattice fringes on the right edge of particle with a
comparatively uniform particle surface, as shown in Fig. 4
(a). Fig. 4(b) exhibited the electron diffraction pattern in the
[011] zone, and the cubic spinel phase of LiMn2O4 was
identified. Similarly, Fig. 4(c) revealed that the LiCuxMn2−xO4-
coated LiMn2O4 was with the same cubic spinel structure as
LiMn2O4 and the diffraction pattern was in the [1¯11] zone.
Unlike other materials for surface modification, such as metal
oxides or inorganic, which would partially hinder Li ion from
penetrating the coating layer into the LiMn2O4 particle during
cycling test, the LiCuxMn2−xO4 coating layer with almost the
same structure as LiMn2O4 could render Li ion pass through the
coating layer more easily during charging and discharging
process.
3.2. Composition identification
In order to investigate the variation of the composition of
Cu in LiCuxMn2−xO4-coated LiMn2O4 particle, the quantita-Fig. 4. Cubic spinel phase of LiMn2O4 of (a) lattice image and (b) diffraction patt
and (d) diffraction pattern in the [1¯11] zone.tive analysis with FE-EPMA was carried out to detect the
amount of Cu in the host particle. The cross section of
LiCuxMn2−xO4-coated LiMn2O4 particle was mounted by
Spurr's Low Viscosity embedding mixture and further cut
with microtome. The composition of Cu in LiCuxMn2−xO4-
coated LiMn2O4 decreased gradually from 2.75 wt.% at the
shell of the particle to 1.81 wt.% at the core of the particle.
This result demonstrated that only limited amounts of copper
diffuse into the core of LiCuxMn2−xO4-coated LiMn2O4
particle, and the rest of Cu was retained on the surface of
the particle as a coating layer.
3.3. Electrochemical performance
The 2016 coin cell was measured galvanostatically between
3 V and 4.2 V with the assembly of Li/EC+DMC+LiPF6/
LiMn2O4 or LiCuxMn2−xO4-coated LiMn2O4 at 0.1 C rate for
the first cycle and then stepwisely raised to 0.5 C.
Fig. 5(a) shows that the initial discharge capacity of
LiMn2O4 was 123.8 mAh/g and decayed to 78.8 mAh/g after
35 cycles with a fading of 17.14% at 0.5 C and 14.18% at 0.2 C,
respectively. However, the LiCuxMn2−xO4-coated LiMn2O4
assembly delivered an initial discharge capacity of 124.2
mAh/g and decayed to 87.4 mAh/g after 35 cycles with a fading
of 11.98% at 0.5 C and 11.93% at 0.2 C, respectively. The fading
rate of LiMn2O4 at 0.2 C was reduced 2.25% by surfaceern in the [011] zone and LiCuxMn2−xO4-coated LiMn2O4 of (c) lattice image
Fig. 5. Specific discharge capacity of various powders calcined at 870 °C for 10
h (a) uncoated LiMn2O4 and (b) LiCuxMn2−xO4-coated LiMn2O4.
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rate was more obvious at 5.16%.
There are several ways to explain the change of fading rate in
various samples. First of all, when the Mn3+ ion was partially
substituted by copper ion, the Jahn–Teller distortion caused by
Mn3+ ion resulted in capacity fading could be diminished. It was
well known that the HF resulting from the reaction of
fluorinated anions with residual H2O would lead to the
dissolution of manganese [18]. However, the surface modifica-
tion of LiCuxMn2−xO4 can obstruct the direct contact and
depress the side reactions between the electrolyte and cathode
electrode to prevent the spinel LiMn2O4 from dissolving into
the electrolyte. It is suggested that the Mn2+ dissolution of side
reactions occurred at the surface of the cathode powder during
charging and discharging process can be reduced. Finally, the
LiMn2O4 with lower electrical conductivity was modified by
copper with higher electrical conductivity to charge and
discharge in a lager current during cycling test.
On the basis of the evidence for microstructure analysis, it is
demonstrated that copper diffused into the surface of LiMn2O4
to form a LiCuxMn2−xO4 coating layer and, in turn, resulted in
the better electrochemical performance.
4. Conclusions
1. The LiCuxMn2−xO4 could be coated on the surface of
LiMn2O4 successfully by solution method.2. The TEM image of LiCuxMn2−xO4-coated LiMn2O4 dis-
played that the structure of coating layer was quite similar
with LiMn2O4 to make the Li ion intercalating and dein-
tercalating easier.
3. The electrochemical property was improved by the surface
modification of LiCuxMn2−xO4 in the LiMn2O4, especially at
high C rate. The better performance was attributed to the
significant reduction of the side reaction and Mn dissolution
between the interface of the cathode electrode and
electrolyte.
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